Abstract-Copper, an old material, is still extensively used nowadays. In this paper, through extremely simple replacement reaction approach, we synthesized various copper nanostructures under ambient atmosphere at room temperature. Pure copper, with splendid structures at nanoscale, was acquired by dipping iron plate into solution with copper ions. With different reactant, copper chloride, copper sulfate, copper nitrite and copper acetate, different copper nanostructures are obtained. Using copper chloride, dendrite structure is prepared; and copper sulfate leads to sponge-like structure; while both copper nitrite and copper acetate result into no copper structure. What's more, we discovered that enough long reaction time will lead to the transformation of dendrite copper into sponge-like copper, no matter what copper salt is employed. Addition of silver ions into the reaction system demonstrated the significant influence of copper salt into the synthesis of dendrite silver structures. Finally, the mechanism of the nanostructures formation is investigated thoroughly.
I. INTRODUCTION
Copper, the red metal, was one of the first metals used by human being. In the long history, copper contributed greatly to human civilization, and brought our ancestors into the Copper Age and Bronze Age, as far as five thousand years ago. Even today, as one of the metals show highest electrical conductivity, copper is still playing a critical role in electronics and industry.
Nanostructures, thanks to their outstanding size effect, exceptional chemical activity and unprecedented electrical property, are attracting more and more attentions from both scientists and engineers. Metal nanostructures have attracted extensive attention in the past decade. Nanocrystal (0D), nanowire (1D), and dendrite nanostructures (3D) are all prepared with silver, platinum and gold for various applications. Taking advantages of the excellent merits of nanostructures, metal nanostructures have achieved tremendous success in ubiquitous fields, including catalyst, solar cell, artificial water splitting and light emitting diode. But, the synthesis of nanostructures with high quality is always a high-temperature and high-cost process.
Therefore, so as to cut down the manufacture cost, much efforts have been devoted to developing new recipe for nanostructure synthesis under low temperature. Hydrothermal reaction [1] [2] [3] [4] and electro-chemical deposition have been tested to be promising options towards low-cost route of large-scale nanoscale fabrication. However, the requirement of relatively high working temperature and external energy source limit their applications, respectively.
Herein, we attempted to prepare copper nanostructures with facile replacement reaction. In the past several years, replacement reaction method has been applied to grow dendrite silver [5] [6] [7] [8] [9] [10] and gold [11, 12] nanostructures and achieved great success. The prepared metal nanostructures have found extensive applications in various fields, including surface scattering [10] , catalyst [13, 14] , solar cell and water splitting. Herein, the idea is borrowed and applied to grow copper nanostructures and unexpected results are obtained.
II. EXPERIMENTS AND METHODS

A. Copper nanostructures prepared with different reactants
Using iron, one of the cheapest metal, as reducer, copper ions are transferred into pure copper through the simple replacement reaction. In order to acquire a deep understanding of this facile preparation recipe for copper nanostructures, we employed different copper salt as reactant. And the details of the experiments are provided in the following.
Iron foil, with thickness of about 100 μm, was cleaned with diluted hydrochloric acid carefully to remove any iron oxide. Subsequently, the iron foil was cut into small square pieces (1 cm * 1 cm) and rinsed in isopropanol, ethanol and deionized water through ultrasonication for 10 min, respectively. And the rinsed foils are dried by blowing under clean nitrogen gas.
Copper salts (copper chloride, copper nitrite, copper sulfate and copper acetate) are dissolved into deionized water under stirring in beaker with required concentration. Then the cleaned iron foil pieces are placed into the beaker vertically. The whole reaction process is recorded through digital camera. The experiment setup is displayed in Fig. 2 . And the reaction time is controlled to 1 min, 2 min, 5 min and 10 min. Once the reaction finished, the foils are removed into deionized water and rinsed. Finally the samples are dried under ambient.
Furthermore, we studied the copper nanostructure growth process using the mixed copper chloride and copper sulfate. The ratio between copper chloride and copper sulfate is 10:0, 9:1, 5:5, 1:9 and 0:10 for different reaction solution. While
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B. Nanostructures synthesis with addition of AgNO 3
So as to clarify the mechanism of the nanostructures formation, AgNO 3 is added into the reaction solution. And by controlling the reaction time, different results are observed with copper chloride and copper sulfate, respectively. In the reaction solution, the concentration of Ag + and Cu 2+ are both 0.05 M.
C. Characterization
The whole reaction process has been recorded by camera through an optical microscopy with high resolution. And the as prepared nanostructures are characterized using both optical microscopy and SEM (S-4800, Hitachi, Japan).
III. RESULTS AND DISCUSSION
As shown in Fig. 1 , after replacement reaction of 10 min, copper chloride leads to dendrites, while copper sulfate results into the porous sponges. However, no nanostructure is obtained when copper nitrite and copper acetate are employed as react agent. When copper sulfate is employed as the reaction agent, red copper is synthesized as demonstrated through the high resolution optical microscopy image. And SEM images show that sponge-like structure is acquired at nanoscale. The sponge-like copper nanostructure is composed of ultrathin copper sheet stretching in random directions, as displayed in Fig. 3(d) . And further experiments with silver ions results in nice dendrite and sponge structures as well. Through these results, we hypothesize the nanostructure formation mechanism as illustrated in Fig. 1 . To be specific, with replacement reaction, a layer of copper will be deposited onto iron plate. And, with the coverage of copper layer, the iron is almost separated from the outer copper ions. Then, due to the high conductivity, the copper will serve as the electron transport channel. So, copper ions will be reduced at the very ends, rather than the root of copper nanostructures, which is also demonstrated by camera record through high resolution optical microscopy. The fast consumption of copper ions near the roots also facilitates the growth of copper nanostructures at their top ends . Further experiments with reaction time controlled (as summarized in Fig. 4) indicate that both copper chloride and copper sulfate will result into sponge nanostructure as reaction time is long enough. Therefore, as the reaction evolves, the dendrite structure obtained at short time with copper chloride will change into spongy copper. And copper sulfate leads to sponge-like structure considerably faster than that with copper chloride. The higher ratio of copper sulfate results into faster growth of sponge copper. And it needs to note that, under the same concentration of copper ion and temperature, the reaction velocity is considerably faster for copper chloride than that for copper sulfate. The whole iron piece will disappear within only several minutes in 0.1 M Cu2+; while it requires over 30 minutes to completely consume plate with copper sulfate. Reaction with silver nitrite added results into nice dendrites at the beginning for both copper chloride and copper sulfate. But, as time increases, the structures turn to sponge slowly, which is similar to that with only copper ions. If there is only silver nitrite in the reaction solution, we can hardly observe any reaction. In the mixture solution, nice dendrite silver, indicated from the white color of the product, is synthesized. The exact fundamental of the transformation mechanism for the sponge silver is still to be studied.
As displayed in Fig. 6 and Fig. 7 , the growth mechanism of copper through replacement reaction is discussed completely. As we mentioned above, when the iron plate is put into the reaction solution, a ultrathin layer of copper will be acquired on iron sheet. And, this thin copper layer will separate the iron from the copper ions. Then, the copper, due to its high conductivity, will serve as the electron transport channel. And as the copper nanostructures grows, copper ions will be reduced at the ends of the structures, rather than the roots part; which is demonstrated by the optical microscopy images, as presented in Fig. 6 . Because of the densely distributed copper structures neighboring to the root part, copper ions will be depleted fast at these position, which numerous copper ions are available at the end of the dendrite or sponge. Then, it's fair to conclude that the copper structure extend at their ends part. However, as revealed by the experiments, different copper salt will lead to different nanostructures. As illustrated in Fig. 7 , when copper nitrite is applied into the reaction, a layer of oxide of iron will be formed to cover the iron plate, and therefore blocks the reduction reaction. If copper acetate is adopted in the reaction, due to the relatively low solubility of the copper acetate, i.e. the high ionization energy, very few free copper ions will be formed. Then, as shown in Fig. 7(b) , the copper growth will be too slow to observe with copper acetate. While, copper nanostructures will be grown fast with copper chloride and copper sulfate, as illustrated in Fig. 7(c) . And due to the difference of the binding strength of cations to the copper structures, different structures will be obtained with copper chloride and copper sulfate. But, as the reaction evolves, the copper nanostructures will also transformed into sponge-like structure, which is more stable than dendrite structure. This phenomenon also indicates that the formed copper nanostructures are dynamic. 
IV. CONCLUSIONS
In sum, we prepared various splendid copper nanostructures through the facile replacement reaction. Herein, with iron as reducing agent, different copper salt results into different nanostructures. Copper nano-dendrites and nano-sponges are fabricated with copper chloride and copper sulfate, respectively. By tuning agent concentration and reaction time, the exact size of the nanostructures can be controlled. With the addition of AgNO 3 , nice dendrite structures are synthesized. And the exact composite of the obtained nanostructures are still to be characterized. What's the most exciting is that, the transformation of dendritic copper into spongy copper is observed through SEM characterization. The dynamic existence of copper nanostructure during the replacement reaction and the high stability of spongy structure can provide a fair explanation to this phenomenon.
Finally, the as-prepared sponge nanostructures, taking advantages of the extremely high surface-volume ratio, is of great potential in application of catalyst.
